What Does Genetics Have to Do with It?
Like automobiles, rockfishes come in a variety of colors, makes, and models. There are more than 100 species worldwide. The Pacific waters of California are home to the largest number of species (about 65), but many can be found along the coasts of Oregon, Washington, British Columbia, and Alaska. A few species live in both North American and Asian waters of the North Pacific Ocean, and just over 20 other species live only along the Asian coast. During one of the warm periods between glacier advances (see Chapter 3. History of a Salmon Population), rockfish ventured from the waters of the North Pacific Ocean into the North Atlantic Ocean. And, during one of the very cold periods, other intrepid travelers moved from California to the southeast Pacific off Chile and thence to the South Atlantic Ocean. The rockfishes that now live in the north and south Atlantic diverged from those earlier colonizers into several distinct species.
Cataloging fishes
There are many reasons to develop a catalog of fishes. A practical reason is so that we can identify them. Why is that important? Fishes provide one of the important sources of protein for human consumption on this planet. In recent years, many stocks of fish have been depleted either by overharvest or by degradation of their habitats. In order to conserve those stocks and manage them at appropriate harvest levels, we need to know what we are harvesting. Many fisheries target a single species or a small number of species, but in other instances, especially in tropical and subtropical coastal fisheries, the target is all of the fishes that are caught. We will examine the interaction between genetics and harvest in a later chapter, but it should be obvious that if we cannot identify what we are harvesting, we cannot hope to conserve or manage fisheries effectively. In addition, both target and nontarget species are part of a very complex food web. Consequently, changes in abundance of one species can influence the abundances of many other species. In order to trace those relationships, we must be able to identify the components of the web accurately. A recent Reuters news release (http://www.reuters.com/ article/science News/idUSL2473263720080625?feed Type=RSS&feedName=scienceNews) reports that the majority of animal species have not yet been described, although most of the nameless are not vertebrates. Moreover, many species have multiple names.
Another reason for cataloging species is to improve our knowledge of life on earth and the changes in species and their distributions that have occurred in their recent and distant pasts. That knowledge can give us insight into what may occur in the future. This purpose extends to addressing inherent human curiosity.
In order to keep track of the dizzying variety of species and to learn how to distinguish among them, we need a catalog or classification system. The practice of scientific classification is referred to as taxonomy or sometimes as systematics. For taxonomists (busily developing classification systems), the holy grail is to describe the relationships among species and groups of species. Another way to say this is: the goal of phylogenetics is to deduce the evolutionary relationships among species and to determine their origins. Often these phylogenies are depicted as trees. The ideal classification scheme would consist of discrete sets of species (or nested groups of sets, which we call taxonomic units or taxa-plural of taxon) that are monophyletic. Monophyletic means that members of a taxon share a common ancestor, which differs from common ancestors of other taxa. The same concept applies to taxa at all levels of classification; but, of course, as you move up the classification hierarchy to groups that include more and more species, the common ancestor would date back farther and farther. Species are classified into a hierarchy of levels like kingdom, phylum, class, etc. (see sidebar 1). And grouping taxa is accomplished by looking at morphological and, more recently, genetic similarities. The underlying assumption is that close relatives will more resemble each other than they will distant relatives. For example, a dachshund looks and behaves more like a wolf than it does a cat or a cow. Sometimes, the divergence is substantial; it is unlikely that a selfrespecting wolf would claim a hairless Chinese crested mix ( Figure 1 ) as a relative-even though it is. The wolf might eat it, but that is ecology, not genetics.
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Sidebar 1
HIERARCHY OF FISH TAXONOMY
What we call a species and how it relates to other species is termed systematics. The scientific classification or systematics of fishes is organized hierarchically by breaking species into smaller and smaller groups. One of the important reasons for developing a systematic scheme is to provide biologists with a common means of communication. Let's track a couple of familiar species-pink salmon and yelloweye rockfish-through the process one layer of hierarchy at a time. We'll do it by examining a wellpruned tree of living fishes in which we include comments to help us track our species. This scheme uses J.S. Nelson (Fishes We separate vertebrates from the other chordates because they have an obvious brain enclosed by a head structure (cranium) and a spine (vertebral column).
Superclass Gnathostomata Fish, amphibians, mammals, and so on have jaws. Lampreys and hagfish (Agnatha) do not.
Class Actinopterygii Bony fish are separated from cartilaginous fish-sharks, rays, and chimaeras (Chondrichthyes), and the lobe-finned coelacanth and lungfishes (Sarcopterygii).
Order Salmoniformes Here is where our targets diverge. Pink salmon belong to a group of fishes that have no spines in their fins, no connection between their swim bladder and ear, and usually an adipose fin (that fleshy little flap on the back near the tail).
Order Scorpaeniformes The yelloweye rockfish belongs to the group of fish with a bone that extends from just below the eye to bones of the gill cover. Most are marine and many have venomous spines.
Family Salmonidae This group currently includes all of the living Salmoniformes.
Family Scorpaenidae This family usually has spines on its head and gill cover and venom glands at the base of some of the spines.
Genus Oncorhynchus This group includes the Pacific trouts and salmon and is distinct from the whitefishes (e.g., Coregonus), Atlantic trouts and salmon (Salmo), and others.
Genus Sebastes Rockfishes are live bearers.
Species gorbuscha Finally, we get to the pink salmon, which is distinguished from other species in the genus by its morphology. It can also be distinguished from genetic markers.
Species ruberrimus
The yelloweye rockfish is also distinguished by color and shape. It can also be identified genetically.
Historically, ichthyologists (individuals who study fishes) used morphological characteristics such as coloration; the number, sizes, kinds, and locations of fin; the shape of cranial bones and the presence and locations of cranial spines; and the relative dimensions of the body to describe and to delineate species of fishes. They also used many of those morphological characteristics to try to deduce the evolutionary relationships among species. It should be obvious that not every characteristic that is useful for identifying and delineating species holds clues to evolutionary relationships. For example, wings emerged independently in insects, birds, and mammals (i.e., bats). This is called convergent evolution. But wings may not provide us with information as to which species are the nearest relatives. The character "possesses wings" is not restrictive enough for birds but is too restrictive for bats. Similarly, many car manufacturers produce both convertibles and SUVs (and some are both!). This convergent "evolution" in the automotive industry was driven by consumer demand (economics) and resulted in similarities between vehicles that descended from different automotive lineages.
Similar parallel results can occur in fish species that are subjected to similar environmental pressures. However, car designers, unlike fish, can steal design ideas from other manufacturers.
The "rocky" beginnings of rockfish taxonomy
Classification of rockfishes has challenged ichthyologists for more than 200 years. The confusion began even before 1829, when the French zoologist Georges Cuvier gave the group of fishes that we now call rockfishes the name Sebastes. The genus Sebastes, which means magnificent or august, is presently assigned to the taxonomic order Scorpaeniformes (see sidebar 1). Also included in Scorpaeniformes are the venomous lion fishes as well as sculpins, greenlings, and the blackcod (also called sablefish or sable).
The beginning of rockfish classification was, well, rocky. It was not as smooth as having Cuvier say, "Let there be the genus Sebastes. " The father of taxonomy, Carl von Linné a.k.a. Carolus Linnaeus, was the first to introduce a rockfish formally. In 1758, he described a fish from the Mediterranean Sea that he named Perca marina, which was not a rockfish. Three years later, he gave the same name to a completely different fish from Norwegian waters. The Norwegian fish probably was a rockfish and is now commonly referred to as a redfish. In 1772, Peter Ascanius, a student of Linnaeus, described Perca norvegica (the golden redfish), which is also distributed in northeastern Atlantic waters. It was a rockfish, and probably the same one Linnaeus called P. marina. So what's the problem? When Cuvier described rockfishes and coined the genus Sebastes 70 years later, he pointed out that Linneaus' Perca marina must apply to two distinct species because rockfishes are not found in the Mediterranean Sea. Secondly, the genus Perca is the one to which the freshwater yellow perch and walleye belong. That's right; Linneaus described both fish as close relatives of the freshwater yellow perch (Perca flavescens)! How big an error is that? We'll consider that later. Finally, Linneaus had also described another species, Perca scriba, in 1758. Both the original P. marinus and P. scriba are now considered a single species in the family Serranidae, which is in a different taxonomic order (Perciformes) 
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from rockfish, but the same order to which yellow perch are assigned (see sidebar 1). Throughout the history of systematics, there have been many such chaotic instances. To a large extent, the confusion at the start of rockfish classification is understandable. In the early days of ichthyology, few species had been described, and reference specimens, when they existed, were not readily available. Linneaus' initial descriptions give us a glimpse of the difficulties that can be involved in classifying species. His fumbling also suggests that systematics is often not a precise science and that it might not be unusual for phylogenies (trees that demonstrate relationships), which may be generally accepted at one point in time, to change after additional specimens or species accumulate, when different characters are examined, or if the data are reinterpreted. Often the different arrangements are proposed by different individuals, but sometimes an individual changes his or her mind. In general, when sufficient data are unavailable, personality and opinion often play major roles in developing dogma. And dogma changes. Even now, there is no universally accepted phylogeny for fishes.
Why the confusion?
What kinds of problems lead to multiple phylogenies? First, there are nearly 25,000 living species of fishes, more than the total of all tetrapods (amphibians, birds, mammals, etc.) combined. And there are undoubtedly many undescribed species in remote (notably tropical Asia, Africa, and South America) and inaccessible (e.g., marine trenches) areas. Second, the species that exist now are descendants that diverged from older lineages, which themselves emerged in the often distant past. Where did fishes (and vertebrates) come from? See sidebar 2.
Since the first fishes emerged from their invertebrate ancestors, new species have evolved and diversified in response to changing environments and acquisitions of beneficial mutations, new combinations of genetic material, or even newly available genetic material. Also, many species disappeared as new and more competitive species appeared, like the Ford Falcon was replaced by the sportier Maverick and smaller Pinto. Sometimes the changes were gradual and it is possible to track the changes over time (like in the shape of the Mustang); other times lineages were completely replaced (Studebakers are no longer made), and sometimes representatives of species that branched from the main tree a long time ago have persisted (e.g., lampreys and hagfish). A third problem is that some lineages are broadly successful and rapidly diverge to fill available slots in their environments-ecological niches. When that kind of expansion occurs, new species may differ very little genetically but the morphological differences may range from subtle to substantial. An enormous number of cichlid species in Lake Malawi (check out http://malawicichlids. com) diverged to fill the many diverse habitats available there. Such closely related groups of species are referred to as a species flock. An ideal phylogeny traces two sister taxa to a single ancestral taxon. The shape of the phylogeny for cichlids and similar species flocks is many tips (species) that radiate from a single point (like spokes on a wheel) because the explosion of new species may not permit finer resolution. Taxonomists would much prefer branches that have only two limbs. Rockfishes have been described as an ancient species flock. That is, a large number of rockfish species that emerged some time ago (very roughly 5 million years) have since diverged, but in some instances, not by very much.
Notice that the key word we used above to describe how phylogenetic relationships are determined by ichthyologists was "deduce. " That means that the constructed phylogenies are no better than the quality of information available. We also noted (sidebar 2) that at times the information may be sparse and require interpretation. As soon as we introduce a term like "interpretation," we open up the process to the likelihood of disagreement and controversy. Consequently, it is not unusual for different "authorities" to catalog species somewhat differently in the enormous dictionaries that are required for so many fishes. In some instances, a particular group may be named differently or be inserted into a different section of the catalog. In other words, there may be personality involved and just looking at the process should be interesting! Because there are so many rockfish species, Sebastes provides some particularly entertaining stories. Let's examine a couple.
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Sidebar 2
A BRIEF HISTORY OF VERTEBRATES
In 1995, the scientific journal Nature published an exciting report of fossils that were found in southern China. The fossils, which had the defining characteristics of vertebrates, were discovered in layers of rock that dated back about 545 million years and were much older than any vertebrate fossils that had been previously discovered elsewhere. Of course, this report sparked controversy because vertebrate fossils that old were completely unexpected and because fossils are usually incomplete and difficult to interpret. The controversy revolved around which potentially ancestral invertebrate group these new fossils most resembled. However, in 1999 more than 300 additional fossils from a similar taxon of about the same age were reported; many of those fossils were intact and they provided detailed information. This newly discovered (but very ancient) animal was named Haikouella lanceolata after the town Haikou near the discovery site. The overall picture that emerged from studies of those fossils was of a well developed vertebrate that had all the characteristics that define vertebrates: a longitudinal stiffener called a notochord (which is reduced to vertebral discs in humans), a hollow nerve cord that runs along the back above the notochord, an obvious brain structure, segmented muscles (recall the segments of meat that you see in a can of tuna or salmon), and gill arches. In fact, these creatures possessed some even more advanced features like a heart, the rudiments of a tail fin, and paired eyes. Another fossil species (Haikouichthys ercaicunensis) discovered near Haikouella lanceolata, which means that it has a similar age, appears to be even more advanced and related to modern lampreys, agnathan (jawless) vertebrates. These fossil discoveries indicate that the very first vertebrates emerged millions or tens of millions of years earlier than had been thought previously. We can deduce this because the fossils are the same age as the sedimentary rocks in which they were imbedded.
Like the very first ancestral vertebrates, ancient fossils of Haikouella lanceolata were fish. They had neither jaws nor paired fins and did not look like most presentday fish. Of course, none of those pioneer vertebrates lives today, but there is a trail of fossils that provides connections between those extinct early fish and living species. In addition, there is an enormous diversity of living fishes that we can examine for clues to their past. An obvious question is: "Where (or better who) did the first vertebrates come from?" and a related question is: "How do we know?"
It makes sense to start with the second question because its answer provides tools that we can use to address the question about "who. " One tool is comparative anatomy, a field that looks for resemblances in the anatomical features of living species and, to the extent possible, their similarities to fossil species. Another more recent approach is to compare the instruction manuals that direct the construction and operation of structures, functions, and even behaviors of fishes. As we learned previously, those manuals are encoded in the DNA sequences of living things (see chapters 1, Even Fish Obey Mendel's Laws, and 4. Molecular Tools for Population Genetics). Both tools assume that new species arise from modifications in preexisting models, so we should be able to track evolutionary changes over time. Tracking, however, is not necessarily an easy task because the trail is complicated, and there may be ambiguous or misleading signs along the trail (like the wings of bats and birds). Clearly, the success in tracking lineages through the ages and determining the relationships among species (both living and extinct) depends on the wise choice of characters.
One of the challenges to paleontologists (individuals who study fossils) is that the fossil record is incomplete. Fossils come from carcasses that are covered soon after death (e.g., by mud or sand on a lake or ocean bottom) so that they are protected from scavengers. Chemical leaching and biochemical degradation processes usually leave only the hard parts, although in some instances fine-grained silt can record the texture of surfaces and remarkable detail can be preserved, such as in the southern China fossils. Over time, a series of additional, newer layers accumulate over them. Geochemical processes and pressure from the overlying layers eventually produces the fossils, which are imbedded in sedimentary (from the sediments that produce them) rock layers. The oldest layers are deepest, unless geological processes like uplift (mountain formation), volcanoes, earthquakes, glacier advances, or erosion from wind or water runoff rearranges or exposes them. Unfortunately for the paleontologists who excavate and study fossils, the geologic processes that expose many of the fossil beds that they excavate also destroy innumerable others. And other fossil beds lie too far below the earth's surface to be accessed. Another limitation is that because most fossil beds do not include large numbers of layers that span long time periods, they generally only provide snippets of life on earth at that place and time. Sites for really ancient fossils are scarce because they have had more time to be destroyed by natural processes.
The second tool involves examining the instruction books of the species. Recently, genetic technology has progressed to the stage that the information encoded in DNA sequences can be used to improve our ability to detect relationships among species. Of course, we do not have sequences from the ancient (extinct) species. However, if you picture those first species at the root of the vertebrate tree and the living species as tips of limbs on branches of the tree, it should be apparent that they are all connected. Moreover, just like for morphological evolution, the molecular evolution generally works by altering the instructions (mutations and rearrangements in the DNA) of the organism from which it was derived. Usually, the changes accrue one at a time, a change in a single nucleotide within a gene at a time. The differences increase over the generations, and accumulation of mutations can lead to divergence of species, but much of the information remains intact. In fact, the genetic (DNA sequence) differences between recently diverged species may be so subtle that they cannot be readily detected. What this means is that the extent of DNA sequence similarity between species is an indicator of the degree to which they are related, that is, how close together they are on a limb. Large differences might indicate that two species occupy different limbs or even branches of the tree.
The genetic approach is powerful and often provides perspectives not available from morphological data, but it must be used with caution for several reasons. First, the DNA sequences in different genes (and even in different parts of the same gene) can change at different rates in different parts of the tree. This means that, as for morphological traits, many characters (genes) should be surveyed and some judgment may be required in choosing genes. Second, as the path that connects two species gets longer (passes closer to the trunk of the tree), the differences between species may become more difficult to interpret. Another way to say this is that random changes also occur that may make it difficult to detect a signal (divergence) through the noise. Third, the nature of gene expression and the structure of the genome (e.g., how many chromosomes are there and to what extent genes occur on the same chromosomes in different species) must be taken into account when the DNA sequence data are analyzed; it can actually be a complicated process. Finally, because only small samples of the DNA sequences are available for most species, care must be taken to avoid biased interpretations, such as those of the blind monks who examined an elephant and came up with very different conclusions, each of which was based on particular part of the beast that they examined. The most accurate picture will result from the analysis of both morphological and genetic characters.
The question we were asking was "Who did the first vertebrates come from?" Obviously, we cannot know this, but we can look at the groups of living invertebrates to see which one shares some vertebrate characteristics, resembles early fossil vertebrates, and is most closely related to living vertebrates genetically. A small invertebrate called a lancelet (also called amphioxus or Branchiostoma) has a notochord, gill slits, segmented musculature, and a nerve tube that runs along the top of the notochord. They do not, however, have an obvious brain, just a little blister at the front end of the nerve tube and no obvious head structure. Lancelets burrow in the sand and filter the water through their gills to feed. Best of all, Haikouichthys ercaicunensis and the lancelet are similar looking (Figure 2) .
A recent comparison (Nature 2008) of the DNA sequences of the lancelet with those of several other species (human, chicken, puffer fish, lamprey, and tunicate) corroborated the conclusion that the lancelet is the invertebrate group that is most closely related to the modern chordate line (Figure 3) . The instruction manuals (genomes) of the lancelet and living vertebrates show that the manual for the lancelet is smaller than those of jawed vertebrates and probably too small to carry all of the information needed to construct and operate the more complex vertebrate. The evidence indicates that two separate events preceded the emergence of vertebrates that increased the size of the instruction manual-the entire genetic complement (genome) was doubled two times! Subsequently, one set of genes maintained the normal operation of the species, while the other sets accumulated mutations and was used "to experiment" with alternative ways to express that extra information. One notable result was duplications of a battery of genes referred to as Hox genes, which are clustered close together and responsible for directing the layout and floor plan for the developing embryo. The newly duplicated sets of Hox genes made it possible for the emerging vertebrate to construct more complicated structures. The lancelet has only a single set of Hox genes, but the jawless lampreys and hagfishes have at least two sets. Developmental biologists have traced the functions of both sets and determined that they govern different facets of construction of developing embryos.
The emergence of jawed species (sharks, fishes, mammals, etc.) also required a more detailed instruction manual. It is possible that the second genome duplication followed the appearance of jawless fishes (agnaths) but preceded the emergence of gnathostomes (jawed vertebrates like us). The additional sets of Hox genes appear to be involved in directing jaw construction. 
The Challenges of Taxonomy as Seen through the Eyes of Rockfish Biologists 107
The taxonomic journey of dusky rockfish Classification systems change over time. One of the common changes is that names given to a particular taxon may be elevated or demoted in hierarchical rank or be changed completely. Several rockfish species were described in the late 1700s and very early 1800s; each was assigned to a different genus. Two of those species, Epinephilus ciliatus (described in 1810 [or 1813 depending on which authority you agree with] by Tilesius) and Perca variabilis (in 1814 by Pallas) were from Russian collections that were caught along the Aleutian Islands. It appears that Cuvier (1829) united them as a single species as part of his description of Sebastes; and for most of the time since then, they have been lumped as a single species, Sebastes ciliatus. Recently (2005), however, the two original species were resurrected as distinct species, but now as members of Sebastes. The taxonomic journey on which they embarked took more than 200 years and traveled from distinct genera, to a single species, and finally to separate rockfish species within a genus: Sebastes ciliatus (dusky rockfish) and Sebastes variabilis (dark rockfish). Will the journey continue? Only time will tell.
Don't let your personality get in your way
As taxonomists have attempted to split arrays of species into narrowly defined categories, they often included prefixes to the names like infraclass, superorder, and subgenus, and even invented new terms like tribe and series. For example, in a more detailed version of fish classification, the serranids and yellow perch mentioned above are actually placed in a superorder different from rockfishes (see sidebar 1).
New ichthyologists, like new administrators, often try to leave their mark by reorganization. One of the signs is that the labels for rockfish phylogeny have periodically oscillated between the genus and subgenus levels (the rationale is that with so many species, we obviously need to add an additional level of organization). And, names of species have converged and diverged like Sebastes ciliatus and S. variabilis.
For more than a century, ichthyologists have wrestled with rockfish taxonomy. It is often difficult to know which characteristics define important evolutionary changes. One set may be useful for delineating species (e.g., one car is a station wagon and the other one is a sedan), but they may not exhibit evolutionary landmarks (like the Mercedes logo, which marks all cars of the Mercedes lineage) for the fish as a monophyletic group.
Sometimes personality and territoriality of ichthyologists intruded into the process. As the numbers of known rockfishes increased from a handful of species in the mid 1800s to more than 100 in the mid 1900s, the number of genera to which they were assigned fluctuated up and down from one to two to several and to as many as 22. Only one genus is now recognized for the rockfishes, by most ichthyologists. Often the changes were the results of quibbling.
In the mid 1800s, William Ayres, a physician in San Francisco, purchased rockfish specimens from fish markets and formally described them to the California Academy of Sciences, which at the time was a group (sort of a club) that met regularly and discussed their observations. Ayres was sufficiently astute to recognize that among his market specimens were three new species (bocaccio, yelloweye, and China rockfish), that were related to the Atlantic redfish. He described them and placed them in the same Sebastes genus. During the 1850s several more rockfish species from the Pacific coast were added to Sebastes.
So far, so good. But a biologist named Theodore Gill (of whom early West Coast biologists had nothing good to say) made a close examination of bocaccio and noticed that they were a little different from other rockfish species: they were more elongate and had fewer head spines and small scales. Based on these differences, Gill (1861) proposed that a new genus be erected for bocaccio, Sebastodes. Ayres accepted this idea but modified it to specify the presence or absence of strong spination on the head. Then he divided the 11 known California species into two genera, Sebastodes and Sebastes (like the Atlantic redfishes). Gill (1862), however, contradicted that division and insisted that only the bocaccio belonged to Sebastodes and all the others (including one new species) probably belonged to his own new genus, Sebastichthyes, which differed from the Atlantic redfishes.
What Does Genetics Have to Do with It?
Ayres (1863) Gill's conclusion was to split his new genus Sebastichthyes into three genera (Sebastichthyes, Sebastosomus, and Sebastosomus). But the expert whose authority Gill invoked to try to embarrass Ayres took a shot at Gill and suggested that Gill should spend less time generating new genera and more time describing fish, that is, if he ever actually looked at them.
In 1880, David Starr Jordan and Charles Gilbert contributed some additional California species to bring the total to 20 (of which 19 are now accepted as distinct species, but some have different names!). In doing so, they made another revision and reduced the number of rockfish genera back to two: Sebastodes (only bocaccio) and Sebastichthyes (the rest), but subdivided Sebastichthyes into two subgenera (Sebastosomus and Sebastichthyes-yes, the same name for both genus and subgenus). In 1882, they reunited Sebastodes and Sebastichthyes into Sebastodes. But Jordan restored Sebastichthyes again in 1885.
There was another flurry of descriptions of eastern Pacific species in the 1880s and early 1890s. In their analysis of 29 species, Eigenmann and Beeson (1893) focused on cranial shape and structure and the presence and location of cranial spines; they concluded that there were eight genera of eastern Pacific rockfishes. Shortly thereafter, Frank Cramer (1895) reevaluated previous work, but focused on Eigenmann and Beeson's efforts. In referring to the characters that Gill used to specify genera, Cramer said that ". . . all the generic characters which he assigned have proved worthless." He also said that subsequent workers with knowledge of fish that Gill could not examine and more recently described species ". . . found it impossible to draw the lines of generic separation indicated by [Gill] ." Because many distinctions at the species level were based on cranial characters, Cramer conducted a thorough comparative examination of cranial structures of rockfishes. Cramer provided detailed drawings of many skulls and concluded that because the primary character (the extent of joining of two cranial bones) used by Eigenmann and Beeson is too variable and is insufficiently discreet, it is unreliable. He also pointed out that structural traits often vary with age as do the head shapes and the locations and sizes of spines of free-swimming and bottom-dwelling species. Bottom dwellers tend to have vertically compressed heads and their eyes are closer together near the top, which optimizes their field of vision; they often have thick bone and large spines for protection. Fish that live off the bottom are generally more compressed laterally and their eyes are on the sides, which provides them vision above and below. They often have smoother heads, which are lighter and more streamlined. Cramer essentially said that the characters that had been used are useful for delineating species, but many of them occur in response to (genetic) adaptation to the habitats they occupied and could be convergent characters. Cramer concluded that the Pacific rockfishes all belonged to a single genus, Sebastodes. This view was embraced by Jordan and Evermann (1896) who divided Sebastodes into 13 subgenera.
Thirty years later, Jordan (1930) , clearly old and crotchety, reconsidered and split Sebastodes into an astonishing 16 genera, although most researchers stuck to Sebastes and Sebastodes. Those genera and Sebastes (all this time considered a north Atlantic taxon) were reunited as Sebastes by Matsubara in 1943. However, North American taxonomists retained Sebastodes for Pacific species until 1970. One of the reasons the merger was finally made was because of genetic studies of rockfishes and other species from related, but non-rockfish, genera. In 1968, Henry Tsyuki and colleagues noted that the
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degree of difference between Sebastodes and Sebastes species was not more than they observed among Sebastodes species, but much less than was observed between rockfishes and other genera in the family. 
So what has genetics done for us recently?
How can genetics contribute to clarifying taxonomic relationships? One of the challenges of selecting any character or set of characters for generating phylogenies is that it is difficult to choose characters that will delineate taxa near the tips of the tree, which are either not potentially reflections of adaptation (and potentially convergent) or just noise. Near the trunk of the animal tree we can identify characters like vertebral columns or developed brains (see sidebar 2), but near the periphery we often do not have such diagnostic characters. In addition, the environmental experience of an individual can contribute to the expression of some traits. For example, the number of vertebrae within some species is higher in more northern (colder) locations. Fortunately, because the instruction manual for each species (its DNA complement) is heritable and passes through generations with relatively little modification, the DNA sequence itself provides additional characters for comparing taxa. Of course, not every gene evolves at the same rate and we have already seen that there is variation within species. But by using a large sample of genes (many nucleotides sampled throughout the genome), it is possible to obtain excellent phylogenetic information. And, in fact, sequence data can provide phylogenetic information that cannot be reliably obtained by morphology alone.
When two species appear so similar that they are lumped as a single species (such as the two dusky rockfish species Sebastes variabilis and S. ciliatus), they are called cryptic species. Genetics can help us delineate species and detect cryptic species. It turns out that the dusky rockfishes can be distinguished by morphology and where they live, but genetic differences (genes or alleles), which undoubtedly underlie the differences that delineate the two species,
have not yet been discovered. Although such genes and alleles obviously exist, finding them is akin to finding a needle in a haystack. Let's look at a couple of examples of cryptic species that were detected in the last several years by genetic differences. In both examples, after surveying the genetic compositions of collections of individuals that had previously been labeled as a single species, it became obvious that two similar, but distinct, species existed in the same area but did not interbreed to any large extent. One of the cryptic species pairs was rougheye rockfish, which hid under the name Sebastes aleutianus, and the other were two species of vermillion rockfish (Sebastes miniatus). The rougheye rockfish pair is particularly notable because rougheye rockfish have been harvested commercially for more than a century, but no suggestion was made that there might be two species until the 1980s, and unequivocal confirmation was not demonstrated until recently.
Genetic differences between closely related species often provide genetic labels or markers with which to identify many species. Why not just look at the fish themselves and identify them from morphological differences? Some species, even those that are not considered cryptic, are very similar. In addition, some species-specific characteristics do not develop until later in life. For example, rockfishes are live bearers-they give birth to tiny swimming larvae, which look very much the same (Figure 4) . However, there are multiple differences in mitochondrial DNA sequences of species, which can be used to identify many of the species and can be detected in larvae, although there are some small groups of species that cannot yet be separated genetically, like the dusky and dark rockfishes. Studies that combined morphology and genetics to identify Alaska larval rockfish concluded that most larvae cannot be identified from their morphology. In addition to not yet having developed the characteristic morphological attributes that characterize adults, juveniles and larvae may take on coloration patterns that provide them camouflage in their local environments. Larvae raised in a tank in a laboratory may not resemble wild larvae of the same species.
Many juvenile rockfish also are very similar looking and difficult or impossible to delineate, even by experts. Juvenile fish are further developed than the larvae and may exhibit some of the characteristics that are found in adults or other characteristics that enable some degree of separation. For instance, studies that combined genetics and morphology to identify young-of-the-year juveniles from the Gulf of Alaska and from the California Bight were able to identify most species when used in combination. Some species may have emerged so recently, however, that neither genetic differences nor morphological differences differentiate their larvae and juveniles.
Current rockfish taxonomy is all sweetness and light, right?
Now let's look at some of the things that we swept under the rug as we went. First, we implied that Linneaus, Ascanius, and others appeared to have missed the assignment of rockfishes by a considerable margin. In fact, ichthyologists still have not reconciled the phylogenetic placement of perciform and scorpaeniform fishes. A single characteristic, a bone that projects backward toward the gill from the eye, termed a suborbital stay, unites the scorpaeniforms. One opinion is that the orders Perciformes, Scorpaeniformes, and two others (one of which includes the flatfishes) may be a single lineage and that Scorpaeniformes represents a group similar to the lineage from which the others emerged. Other authorities split these orders. So, Linneaus and Ascanius may not have been as far off as you were lead to believe, and they still are in good company.
Secondly, modern classification schemes do not even agree on the family to which rockfishes belong. Historically, they have been assigned to the family Scorpaenidae. However, some current schemes extract rockfishes and some of their very close relatives and place them in the family Sebastidae and elevate other taxa that are subfamilies under Scorpaenidae to the family level for the other groups. The taxon elevator is still at work!
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Although tremendous strides have been made in deducing phylogenetic relationships that are based on some selected DNA sequence comparisons, especially within Sebastes, an unequivocal phylogeny awaits the acquisition and analysis of sequences from many additional genes. One of the obvious results of recent studies is that some of the rockfish assignments to subgenera that were based on morphological criteria were probably accurate and identify monophyletic groups, whereas others do not work well at all. In addition, although some strictly Asian species and some strictly western North American species were assigned to the same subgenera based on morphology, the genetic similarities among species from each geographic region and the divergence between species of the two regions strongly indicate that they are not monophyletic. By combining morphological and genetic criteria, it should be possible to develop a phylogeny that is widely accepted. However, it may always be difficult to disentangle the phylogeny of species within a species flock. In addition, it is not possible to obtain DNA sequence data from fossils, and many gaps in the fossil record may never be filled.
Summary
Taxonomy, or systematics, is the science of cataloging living things. A phylogenetic tree is one way of visualizing the catalog, and ideally the tree shows evolutionary relationships among species and among the different lineages. Historically, morphological characteristics were used to describe those relationships, but more recently genetic similarities have been included or used exclusively because the DNA sequences of organisms carry all of the information that underlies the structure, function, and even behaviors of species. Moreover, over time the sequences vary only at sites that accumulate the mutations that alter the functions of the products they specify. The challenge to taxonomists is to choose characteristics that track the evolutionary divergence that separates species, and not the evolutionary "noise. " The problem that occurs in choosing morphological differences is that some traits converge as a result of exposure to similar environments or emerge independently (e.g., wings) in different lineages. The challenge in choosing genetic characteristics is that many genes evolve at different rates and respond to different selective pressures. In this chapter, we saw that opinion often prevails when data are insufficient to allow clear conclusions. In addition, in order to describe modern phylogenies completely, we need to use the fossil record to find ancestors of today's species. Because the fossil record is far from complete, it has not yet been possible to position all species phylogenetically. Questions remain about relationships, particularly among species at the tips of some branches and among many of the limbs that connect to the trunk of the tree. Rockfishes have a large number of species. By following bits and pieces of the history of rockfish taxonomy, we saw that the criteria applied by scientists and their perceptions of relationships varied remarkably in the last couple of centuries. We also saw that a phylogeny accepted by all taxonomists does not yet exist and that there are still newly discovered or newly described species sprouting from the tree. Many areas of taxonomy, for fishes and other organisms, will provide challenges for decades to come.
